A total of 7923 transitions previously derived from long pathlength, Fourier transform spectra of pure water vapor (Schermaul et al., J. Mol. Spectrosc. 211 (2002) 
Introduction
The spectrum of water almost entirely determines the transmission of sunlight through our atmosphere in the near-infrared. It is therefore unsurprising that the spectrum of H 16 2 O [1] [2] [3] as well its isotopomers [4, 5] has been measured repeatedly in this region. The cited studies have all provided parameters which are included in the most recent edition of the atmospheric database HITRAN [6] .
However the huge dynamic range of the absorption features due to water in the 9000-12 700 cm À1 range makes the characterization of the water spectrum very difficult to determine from any single experimental setup. Different pathlengths are required for differing line strengths in order to avoid saturation (in the case of strong lines) or to ensure sufficient signal (for weak lines). Schermaul et al. [7] recorded a series of longpathlength Fourier Transform spectra using long integration times. These spectra cover the frequency range 6500-16 500 cm À1 in pure water vapor, although the data above 15 400 cm À1 are not competitive with that obtained elsewhere [8] . These spectra do not provide useful information on strong water absorption features, which are saturated in this experimental setup, but provide a wealth of information on the weak lines in this spectral region. Schermaul et al.Õs spectra divide into three separate portions. The 13 200-15 000 cm À1 spectrum [7] and 11 787-13 554 cm À1 spectrum [9] have been analyzed previously. In this work we analyze the 9000-12 700 cm À1 region (referred to as spectrum 2 hereafter). Recent atmospheric models [10, 11] have demonstrated that the addition of weak water absorption lines from the two previously analyzed regions leads to a significant extra absorption of sunlight. It is thus likely that the lines characterized here will have a similar effect.
Of considerable relevance to analysis of newly observed weak lines in this, and other, regions is the calculation of a linelist of water transitions using variational nuclear motion calculations based on a new, spectroscopically determined potential [12] . These new calculations are described below.
q Supplementary data for this article are available on ScienceDirect.
Line parameters
In order to retrieve the weak water line parameters in the spectral region 9000-12 700 cm À1 spectrum 2 of Schermaul et al. [7] was used. The spectrum was recorded at a temperature 295.7 AE 0.7 K, pressure 22.93 AE 0.08 Pa, and pathlength 800.8 AE 1.0 m. The baseline was corrected by Schermaul et al. [7] and was kept fixed in our fit.
The fit has been performed using interactive spectrum fitting program GOBLIN [13] . The theoretical line shape was assumed to be a generalized Voigt profile in which four parameters (line position, peak height, halfwidth, and damping) are treated as adjustable. The reasons for this choice of parameters are discussed at length by Schermaul et al. [7] . Effects due to saturation were considered in a special way because the region of the spectrum considered here contains many strong lines which are saturated at experimental conditions.
Fits were made to the absorbance, s, which is also known as the optical depth, defined as the absorption coefficient times the pathlength. First, the parameters of the strong lines were estimated using data from the HITRAN database, then during the fit these parameters were adjusted to find the best possible solution for unsaturated parts of the profiles. In the fit it was assumed that the spectral points with absorbance s 6 0:9 are not distorted by the effects of saturation. The points above this level were excluded from the fit as they could not be accurately represented with our fit function. This is probably due to instrumental effects. Weak lines were fitted simultaneously with the strong lines in whose wings they occurred. Fig. 1 shows a typical case of how the resulting parameters reproduce the experiment in regions with a high concentration of strong lines. The flat regions in the residuals set to zero correspond to the spectral points excluded from the fit. This restriction, which is due to saturation effects, gives an approximate upper limit in intensity of 1 Â 10 À24 cm/ molecule for the lines with reliable parameters obtained from this fit.
It should be noted that for the very strong lines the residuals still show systematic, antisymmetric features, as is illustrated in Fig. 2 . The exact cause of this asymmetry is unclear. Possible causes include errors in the phase correction or the effects of adding different runs. The asymmetric profile may, of course, affect significantly the intensities of certain weak lines. We estimate that the error in the intensity for a line with intensity of 7 Â 10 À27 cm/molecule may be up to 100% if its center lies on the shoulder of a strong line. In a number of cases, the same effect made it impossible to find a stable solution for weak lines (intensities < 7 Â 10 À27 cm/ molecule) because of the significant distortion of the baseline. This problem mostly affects the region around 10 700 cm À1 . Fits to generalized Voigt parameters were obtained for 7923 lines, 6600 of which are weak ones (with intensities less than 1 Â 10 À24 cm/molecule). These parameters have been used to calculate the line intensities according to the formula
where L 0 is the Loschmidt number 2.686763 Â 10 19 cm À3 / atm, T 0 ¼ 273:15 K, T is the water temperature, p is the pressure, l is the pathlength, and A is the absorbance integrated over the line.
The line intensities obtained in our fits have been compared with those from HITRAN [6] in the spectral region 9650-11 400 cm À1 . This region was the subject of a recent study by Brown et al. [3] , whose data are now included in HITRAN. Both HITRAN and our dataset contain about 5000 lines in this region, 4000 of which are weak (with intensities smaller than 1 Â 10 À24 cm/ molecule). In order to make the comparison, an automated procedure has been implemented to find lineby-line correspondence between the datasets. The procedure involves searching for the best match both in line position and intensity. If a match could not be found for a line within acceptable intervals of values, it was not included in the comparison. The procedure returned a total number of 2750 matched lines with intensities in the interval ( Fig. 3 gives a comparison for the intensity of line present in both HITRAN and our work. The agreement between the two is satisfactory, with no systematic differences. The larger differences at lower intensities are merely a reflection of the greater error in the line parameters for the weaker lines. Similar agreement is found with the parameters obtained previously for the 11 787-12 700 cm À1 region [9] by analyzing another spectrum (''spectrum 3'') measured by Schermaul et al. [7] .
A full list of 7923 lines fitted in the course of this work is given in the electronic archive. Only the parameters for the 6600 lines weaker than 1 Â 10 À24 cm/ molecule should be considered reliable. Parameters for the stronger lines are determined more reliably from water-air experiments such as those analyzed by Brown et al. [3] or Schermaul et al. [14, 15] . For the weaker lines, the list includes statistical uncertainties determined by the fit for each parameter (wavenumber, intensity, self-broadening, damping). In practice we assumed a minimum error of 0.001 cm À1 for the transition wavenumber in the analysis below. The damping parameter should represent the ratio of the Lorentzian profile to the total line profile. In practice the parameter was used to obtain good fits to the line profile which are important for accurate intensity determination. This leads to a large spread in values of the damping parameter, especially for weak lines. The values obtained probably have little physical significance. In particular they also help account for the instrument function which was not explicitly allowed for in our fits. Conversely we checked the reliability of our intensities by back modelling. Spectra were synthesized using HITRAN data, convoluted with an approximation to the instrument function and then fitted. The resulting intensities were with 1 % of the initial values. 
Line assignment
To aid line assignments a variational water vapor linelist has been calculated using the DVR3D program suite [16] and a new potential surface. This surface, due to Shirin et al. [12] , was spectroscopically determined using spectroscopic data for H 16 2 O up to 25 000 cm À1 . Highly converged calculations were performed using Radau coordinates. Thirty-four radial grid points, based on Morse oscillator-like functions [17] , were combined with 40 angular grid points based on (associated) Legendre polynomials. In the two-step procedure used [18] , a series of Hamiltonians of dimension 2000 were diagonalized for the ÔvibrationalÕ first step, the results of which were used to generate Hamiltonians of size 450 Â ðJ þ 1 À pÞ for the second step, where p is the parity. Wavefunctions for all states with J 6 14 and energies up to 25 000 cm À1 were computed. Energies are usually accurate to within 0.1 cm À1 , with somewhat larger errors, up 0.2 cm À1 , for states with significant bending excitation. As the energy levels and associated wavefunctions arising from these calculations are only assigned rigorous quantum numbers (J , p, ortho/para), full assignments were made using the algorithm of Zobov et al. [19] , which first assigns the J ¼ 0 vibrational states and then uses these to assign the associated rotational levels.
The variational linelist due to Partridge and Schwenke (PS) [20] has been widely used for spectral analysis in the near-infrared and visible. Although our new linelist is not significantly more accurate than PSÕs in the region considered here, it has a number of advantages. First our assignments proved to be much more reliable and could generally be used unaltered. Second our better convergence of the nuclear motion calculations, particularly for higher J s, removed artifacts due to splitting of quasi-degenerate levels (see [21] ). Finally our linelist is reliable in the 15 000-25 000 cm À1 region where the PS linelist becomes increasingly erratic. We have previously analyzed a number of water vapor spectra in this region [7, 9, [22] [23] [24] [25] . All these spectra contain a significant number of unassigned lines. We plan to use the new linelist to reanalyze these and other spectra.
Of course many energy levels for H 16 2 O are known [26] , meaning that many transitions could be assigned ÔtriviallyÕ using known experimental energy differences. After making trivial assignments, our calculated energies were then used to predict spectral regions for searching for combination differences. As a result more than 7156 lines out of 7923 line fitted have been assigned to transitions to 32 upper vibrational states. One thousand and eighty two lines were newly assigned which gave 329 new experimental energy levels. Almost all new assignments are confirmed by combination differences.
The results of the assignment are summarized in Table 1 . Our line assignments are given in the electronic archive as are new energy levels for all vibrational states for which more than 10 new levels have been determined. Our new energy levels do not actually contain any direct measurements of previously unknown band origins. However for the (022), (140), and (051) vibrational states, sufficient energy levels with low J have been determined for us to estimate the band origins to within 0.1 cm À1 . These estimates are given in Table 1 . Comparison of our assignments with those from HITRAN gave a large number of differences. We could assign about 100 HITRANÕs unassigned lines and reassign 84. The remaining disagreements were due to different vibrational labeling and different assignments of blended lines. A list of the re-assigned lines is given in Table 2 . 
Conclusion
Characterizing the near-infrared and visible spectrum of water remains a major research priority because of its importance in atmospheric absorption, and indeed in many other situations. In this work we have fitted and assigned the pure water vapor spectrum of Schermaul et al. [7] . We have shown that this spectrum contains over 1000 more weak water transitions than previous studies of the same region. Most of these transitions are due to H 16 2 O. We have computed a new, accurate variational linelist for studying room temperature water vapor transitions and with its use have assigned more than 90% of lines fitted. This analysis involved relabelling or reassigning about 80 previously analyzed lines as well as assigning about 100 previously observed but unassigned lines. It is to be anticipated that our new linelist will be even more useful for assigning higher frequency spectra across the entire visible range where many lines remain unassigned.
